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SUMMARY

Guanine quadruplexes (G4s) are non-canonical DNA structures that can trigger micronuclei (MNi). Mecha-
nisms of micronuclei formation by G4s are not fully understood. Here, we show that G4 stabilization can
trigger cell-cycle-phase-specific mechanisms of replication fork stalling and DNA synthesis restart depen-
dent on translesion synthesis (TLS) DNA polymerases (Pols). Fork stalling is caused by G-loops and high tran-
scription during early S only. Moreover, while induction of micronuclei is dependent on DNA Pol 5 throughout
S phase, primase and DNA-directed polymerase (PrimPol) is required in late S only. DNA breakage is not an
immediate response to stabilized G4s but rather a consequence of persistent G4-mediated replication stress.
Thus, different modes of fork stalling and restart, based on genomic context and TLS Pols, avoid immediate
DNA breakage at stalled forks but at the expense of a risk of later mitotic chromosomal instability. The in-

sights can lead to the development of more effective therapies for cancer and neurological diseases.

INTRODUCTION

Guanine quadruplexes (G4s) are nucleic acid secondary struc-
tures formed by stacked guanine base quartets, stabilized by
Hoogsteen hydrogen bonds and K+ or Na+."™ They are en-
riched at genome control sites, such as active gene promoters,
telomeres, replication origins, and chromatin boundary ele-
ments, suggesting a role in genome function regulation.® G4s
are dynamic structures, and their stability can be increased in
living cells by specific G4 binders, such as Pyridostatin (PDS),
CX-5461, and RHPS4, which showed potential for cancer ther-
apy.®” G4 stabilization can inhibit transcription and replication
leading to genome instability in cancer cells, including micronu-
clei formation and mitotic errors.’™ Micronuclei are extra-nu-
clear organelles formed by chromatin portions surrounded by
a nuclear membrane.® They arise from aberrant mitoses
involving lagging chromosomes or chromatid fragments from
sister chromatid non-disjunctions and anaphase bridges.”""
Micronuclei can be re-incorporated into the genome at the
next mitosis leading to chromothripsis and increased chromo-
somal instability.®>'? In addition, micronuclei chromatin can
activate the cytoplasmic cGAS (2/,3'-cyclic GMP-AMP syn-
thase)- stimulator of interferon response cGAMP interactor 1
(STING) pathway, triggering innate immune gene expression
in cancer cells.'®'” STING activation by micronuclei is actively
investigated as a strategy to improve immunotherapy re-
sponses of cancer patients.'®'®
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The mechanism of micronuclei formation triggered by G4s is
not fully understood as somewhat contrasting results have
been reported. Genomic R-loops maps revealed that short
PDS treatments induce both an increase and a spreading of
pre-existing R-loops, particularly at highly transcribed genes,
by forming G-loop structures.®?**" R-loops are co-transcrip-
tional nucleic acid structures formed by the annealing of nascent
transcripts to the DNA strand template leading to RNA:DNA
duplex hybrids and the non-transcribed strand being extruded
as a single-stranded DNA loop.??">* Under various conditions,
unbalanced R-loop levels can lead to DNA damage, replication
fork stalling, transcription/replication conflicts (TRCs), and chro-
mosomal instability.>?>° Stalled replication forks can be re-
stated by DNA cleavage-religation cycles mediated by MUS81
endo-nuclease and DNA ligase IV’ coupled with G4 and
R-loop resolution by specific helicases.?®*° This mechanism
can also involve primase and DNA-directed polymerase
(PrimPol) activity, which mediates re-priming during replication
restart at DNA lesions.®° Consistently, micronuclei and DNA
double-strand break (DSB) induction by G4 stabilization were
shown to be mediated by R-loops.?®?%2°3" |n contrast, DNA
replication restart from G4-induced stalled replication forks has
been shown to occur without the need of DNA cuts and through
are-priming mechanism involving PrimPol, which can synthesize
an RNA primer and then catalyze its extension with deoxyribonu-
cleotide triphosphates (dNTPs).>? PrimPol was proposed to pro-
mote restart of DNA synthesis downstream of a G4 obstacle in
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Figure 1. Stabilized G4s in S and no-S phases induce micronuclei and anaphase bridges, which are enhanced by Mre11 and prevented by

BRCA2

(A) Experimental design for detecting micronuclei, yH2AX (top), and anaphase bridges (bottom).

(B) Representative images of EdU+/— cells and micronuclei (white arrows).

(C) DAPI-stained fine bridges and lagging chromosomes (Lag Chrom); ultrafine bridges (UFBs) detected with anti-PLK1-interacting checkpoint helicase (PICH)

antibody.
(D) EAU+/EdU- MNi levels in EJU*~ HelLa cells. Bars show means + SEM, n = 6. Average analyzed cells: 300.

(legend continued on next page)
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the DNA template, allowing rapid resumption of replication and
preventing fork collapse.32 Moreover, recent studies with sin-
gle-molecule imaging microscopy revealed that G4 spontane-
ously forms at strand templates of some active replication forks
immediately behind mini chromosome maintenance (MCM) hel-
icases, apparently without R-loop formation, and before nascent
DNA synthesis.*® Thus, published data leave undefined the pre-
cise mechanisms through which G4 stabilization leads to chro-
mosomal instability.

In this work, we show that G4 stabilization by PDS can trigger
cell-cycle phase-specific mechanisms of micronuclei formation
dependent on the translesion synthesis (TLS) DNA polymer-
ases, DNA polymerase n (Pol #), and PrimPol. In genomic re-
gions replicating early or late during S phase, the mechanisms
of fork stalling are different, involving G-loops and high tran-
scription levels during early S only. The results also reveal
that DNA breakage is not an immediate response to stabilized
Gd4s, but rather a consequence of persistent G4-mediated repli-
cation stress. Thus, distinct modes of fork restart, based on
genomic context and TLS Pols, avoid immediate DNA
breakage likely maintaining a proper replication speed, but at
the expense of a risk of later mitotic chromosomal instability.
The understanding of genome instability mechanisms can
lead to the development of effective therapeutic strategies for
cancer and neurological diseases.

RESULTS

G4 stabilization can trigger chromosome instability
during both S and no-S cell-cycle phases
Since stabilization of G4 structures is thought to induce replica-
tion stress eventually leading to micronuclei,*>®* we first
wondered whether G4 stabilization during S or no-S phases of
the cell cycle leads to micronuclei formation at mitosis. We there-
fore determined micronuclei formation and mitotic errors in HeLa
cells following 1-h treatment with 10 pM PDS, which effectively
stabilizes nuclear G4s in living cells.?® To distinguish cells in S
phase at the time of PDS treatment, cells were labeled with
5-ethynyl-2’-deoxyuridine (EdU) and then cultured in drug- and
label-free medium for 24 h before micronuclei detection by
immunofluorescence microscopy (Figure 1A, upper panel). To
determine mitotic errors, PDS-treated and EdU-labeled cells
were grown in hocodazole-containing medium for 20 h followed
by a mitotic shake-off (in Figure 1A, bottom panel). EJU labeling
allowed to discriminate cells that were in S (EdU+) or no-S
(EdU—) phases during PDS treatment.

PDS increased levels of micronuclei, anaphase fine and ultra-
fine bridges (UFBs), and lagging chromosomes during both S
phase and no-S phases (Figures 1B—1E). The extent of micronu-
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clei and anaphase bridges induction was even slightly higher for
no-S than S cells (Figures 1D and 1E), suggesting that ongoing
replication is not required at the time of G4 stabilization for chro-
mosomal instability. Interestingly, PDS induced two different
classes of micronuclei and anaphase bridges in EdU+ cells as
some of them contained whereas others did not contain EAU-
labeled DNA (EdU+ or EdU— micronuclei in Figures 1B-1E).
Therefore, while many micronuclei and anaphase bridges con-
tained chromatin fragments replicating at the time of G4 stabili-
zation, a significant fraction of them contained only chromatin
fragments, which were not replicated at the time of G4 stabiliza-
tion. Assuming G4-induced micronuclei (and anaphase bridges)
originated from chromatin suffering replication stress,** the re-
sults suggested that EQU— micronuclei chromatin can be either
not fully replicated or replicated hours later after replication
stress caused by G4 stabilization.

As breast cancer type 2 susceptibility protein (BRCA2) gene
silencing increased PDS-induced micronuclei,”® and BRCA2-
meiotic recombination 11 homolog A protein (Mre11) interplay
can affect stalled fork stability,>>=" we investigated whether
BRCA2/Mre11 functions can mediate G4-dependent micronu-
clei formation in cells not replicating at the time of PDS treatment
(EdU—). BRCAZ silencing increased micronuclei induced by 1-h
PDS treatments (Figures 1F and 1G), and chemical inhibition of
both Mre11 exo- and endo-nuclease activities abolished the for-
mation of all micronuclei classes in both BRCA2-proficient and
BRCA2-deficient cells (Figures 1H and 1l). PFM01 and PFM39
effects were different, since the former and the latter reduced
PDS stimulation of micronuclei below and close to control levels,
respectively (Figures 1H and 1l). Since Mre11 inhibitors may slow
the cell cycle, we measured EdU-labeled cell distribution and live
cell-cycle progression (Figures S1A-S1C). PFM01 and PFM39
slightly affect the mitotic index but not the mitotic time
(Figure S1C). PDS increases the mitotic index. Thus, even
though the mitotic index was increased similarly, PDS effect on
micronuclei formation was strongly reduced by Mre11 inhibitors
in comparison to cells not treated with Mre11 inhibitors. There-
fore, the data clearly showed that G4-dependent micronuclei
stimulation in BRCA2-silenced cells is rescued by Mre11 inhibi-
tors (Figures 1H and 1l). Interestingly, the effects of Mre11-
BRCA2 were very similar in EdU+ and EdU— cells (Figures 1G-
11). Since Bloom helicase (BLM) is required during G2/M phase
for a proper resolution of anaphase bridges,”***° we investi-
gated BLM role by chemical inhibition in EdU—/+ cells
(Figures S1D-S1G). BLM inhibition in G2/M phase prevented
anaphase bridge resolution as shown by markedly reduced repli-
cation protein A (RPA)-coated UFBs (Figure S1F, upper panel)
and increased PITCH-labeled bridges as reported by others.*®
However, it increased nucleoplasmic bridges and isolated

(E) Fine bridges, UFBs, and Lag. Chrom. increase in EdU-labeled cells. Graphs show mean + SEM, n = 3. Average analyzed cells: 90.
(F) Experimental design of BRCA2-silenced Hela cells tested with/without Mre11 inhibitors (PFM01 and PFM39) (top). Immunoblot of BRCA2 in Hela cells
treated with scrambled (Scramble) or BRCA2-specific siRNAs. Topoisomerase | (TOP |) as loading control. BRCA2 expression levels in silenced (24 and 48 h) vs.

scrambled (Scr.) samples reported as fold change.

(G-I) Micronuclei increase in HelLa cells treated with scrambled or BRCA2-specific siRNAs (siBRCA2) for 24 h before and after PDS treatment (G). Micronuclei
increase assessed with/without Mre11 endo-nuclease (PFMO01) (H) or exo-nuclease (PFM39) (1) inhibitors. Bars show mean + SEM, n = 3. Average analyzed cells:

230 (G), 160 (H), or 250 ().

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 (t test). Scale bar 10 um. See also Figure S1.
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Figure 2. G4 stabilization does not induce immediate DNA damage

(DNA content - DAPI)
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(A) DSB detection in HeLa cells after CPT/PDS treatment by neutral comet assay, n = 2. Average analyzed cells: 90. Representative images on the right.
(B) Representative images of DAPI-, EAU-, and anti-yH2AX-stained nuclei (left). yH2AX quantification after EQU administration (Figure 1A, top) (right). Bars show

mean + SEM, n = 3. Average analyzed cells: 200.

(C and D) Immunoblot of yH2AX (C) and pChk2 (D) in 1-h PDS/CPT-treated Hela cells. Expression levels in treated vs. untreated samples reported as fold change, n=2.
(E) Micronuclei quantitation in U20S cells reported as MNi/100 cell. Average analyzed cells: 950. Graphs show mean + SEM, n = 3.

(F) Experimental design for fluorescence-activated cell sorting (FACS) analysis of PDS/CPT-treated Hela cells.

(G and H) FACS analysis of EdU-labeled Hela cells treated with PDS/CPT. Table: percentage of G1, S, or G2/M phase cells at different times (0, 6, or 16 h) after
EdU and CDK1-i (RO3306) administration (G). Graphs showing Hela cell distribution in different cell-cycle phases after PDS/CPT treatment (t0 in F) (H) Per-
centage of total EdU+ cells (on the right “EdU [%]”) and of EdU+ cells in G1, S, and G2/M-phase reported in each graph, n = 2.

*p < 0.05, “*p < 0.01, **p < 0.001, ***p < 0.0001 (two tailed Mann-Whitney test, A and B; t test, C-E). Scale bar 10 pm. See also Figure S2.

chromatin fragments resembling micronuclei in dividing EdU—
cells (Figure S1G). Therefore, micronuclei and mitotic errors trig-
gered by PDS-mediated G4 stabilization during no-S phases (G1
or G2/M) are dependent on the BRCA2/Mre11 interplay, known
to affect stalled replication fork stability.*>>"

DNA double-strand cleavage is not an immediate
response to G4 stabilization by PDS

Since 24-h PDS treatments induced micronuclei in an R-loop-
dependent manner,”® we investigated the role of R-loops under
our present conditions using human FLAG-tagged RNaseH1-ex-
pressing U20S cells under an inducible promoter (Figure S2A).
RNaseH1 expression markedly abrogated G4-induced micronu-
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clei and anaphase bridges in both S and no-S phases
(Figures S2B-S2E) highlighting R-loop role in chromosomal
instability triggered in both phases. We next asked whether sta-
bilized G4s induce DNA damage under the present conditions.
Results clearly show that 1-h G4 stabilization did not increase
DSBs as shown by neutral comet assay, S139-phosphorylated
histone H2AX (yH2AX) foci, and cellular content (Figures 2A-
2C and S2F) in either S or no-S phase cells. In agreement with
previous results showing detectable DSB levels after at least
4 h of continuous G4 stabilization,'*?° these results confirm
that stabilized G4s do not trigger immediate DSBs in human can-
cer cells but cause DSBs only upon persistent G4 stabilization
and replication stress.
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These findings are in contrast with high levels of DSBs induced
by similar brief treatments with camptothecin (CPT),*° a DNA
topoisomerase | poison (Figures 2A, 2C, 2D, S2F, and S2G),
despite both drugs inducing comparable levels of micronuclei
(Figure 2E). Moreover, PDS-treated cells showed a slight alter-
ation of cell-cycle distribution after 6 and 16 h from the addition
of a CDK1 inhibitor to arrest cells at G2 phase, whereas campto-
thecin-treated cells showed a higher fraction of cells in S phase
than untreated and PDS-treated cells at 6 h (Figures 2F-2H) with
almost full recovery after 16 h (Figure 2G). Thus, 1-h exposure to
camptothecin and PDS triggers similar micronucleus levels after
24 h; however, the two compounds markedly differ in DSB pro-
duction and effects on S phase duration.

Overall, the data demonstrate that PDS-mediated G4 stabili-
zation in S as well as no-S phases can lead to mitotic errors
and micronuclei in a BRCA2/Mre11- and R-loop-dependent
manner without DNA damage, though PDS slightly delays the
cell cycle. Since a large fraction of no-S phase is constituted
by G1 or G2 cells, G4 stabilization in these phases may cause
replication stress upon cells entering S phase.

Micronuclei are induced by stabilized G-loops during
early S phase only

The aforementioned results suggest that stabilized G4s induce
molecular alterations that persist after PDS removal, affecting
replication when EdU— cells enter S phase. To test whether
PDS triggers micronuclei formation when G1/G2-phase cells
are exposed to it, we performed a dual-pulse nascent DNA label-
ing protocol. Cells were sequentially labeled with EAU and bro-
modeoxyuridine (BrdU) for 2.5 h each, with PDS added for 1 h
during EdU incorporation (Figure 3A, top). The dual-pulse label-
ing experimental scheme allowed to split cells into four classes
based on the cell-cycle phase at the time of cell exposure to
PDS: early/mid S (EdU+/BrdU+), late S (EdU+/BrdU-), late G1
(EdU—/BrdU+), and early G1/G2M (EdU—/BrdU—) (Figure 3A,
bottom). The results showed that PDS triggered micronuclei
(MNi) formation in all classes (Figures 3B and S3A),*° showing
in particular that G4 stabilization in late G1 phase can eventually
affect replication upon S phase entry and chromosomal stability
at mitosis. Unlike PDS, camptothecin does not induce micronu-
clei in late S,*° suggesting that G4 stabilization activates a spe-
cific mechanism during late replication. Interestingly, RNaseH1
overexpression in HelLa cells completely abrogated micronuclei
formation when PDS treatment occurred in early/mid S, late G1,
and early G1/G2M phases, but not in late S phase (Figures 3B
and S3A). Moreover, RNaseH1 overexpression reduced PDS-
mediated fine bridge formation in early/mid S but not in late S
(Figure S3B). Thus, mitotic errors and micronuclei triggered by
PDS during late S are both RNaseH1 insensitive.

We then asked whether other G4 binders have similar effects.
We tested RHPS4 and CX-5461"“°, G4 binders unrelated to
PDS, in U20S cells with or without RNaseH1 overexpression
(Figures S3C and S3D). Although RHPS4 and CX-5461 induced
micronuclei at different levels, both triggered RNaseH1-sensitive
micronuclei, but not in late S cell category, similarly to PDS
(Figure S3C). Thus, the specific mechanism elicited by G4 stabi-
lization during late replication is independent from R-loops.
Since the fraction of EAU+/BrdU— cells was minor with respect
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to the total population, it did not significantly impact RNaseH1 ef-
fects on micronucleus levels as detected with single-labeling ex-
periments (Figures S2B and S2C).

Since R-loop dependency of PDS-induced micronuclei is
restricted to late G1/early-mid S phase, we wondered whether
PDS-induced R-loops preferentially localize at early replicating
initiation zones (IZs). We analyzed PDS-increased genomic
DNA:RNA hybrids after 5 min of treatment of U20S cells®® and
compared PDS-induced hybrids to replicating IZs in the same
U20S cell line."" The results showed that PDS-induced hybrids
were strongly and specifically enriched at early replicating 1Zs
(Figure S3E). Since PDS can increase R-loop levels by extending
previously formed hybrids,?® we then restricted the analyses to
PDS-extended hybrids showing that they were again highly en-
riched specifically in early replicating 1Zs (Figure 3C). Interest-
ingly, G4-induced R-loops were enriched in constitutive as well
as oncogene-induced early replicating 1Zs*' (Figure 3C). Thus,
this region-specific enrichment of PDS-induced hybrids is
consistent with RNaseH1-mediated reduction of PDS-induced
micronuclei specifically in late G1 and early/mid S phases.

Since R-loops are co-transcriptional structures®®*® and G4
stabilization can lead to TRCs,?” we next explored transcription
role in chromosomal instability induced by G4 stabilization at
specific cell-cycle phases. First, we determined the transcrip-
tional status of R-loop regions enriched in 1Zs with public data
of RNA polymerase Il (RNAPII) density (by chromatin immuno-
precipitation sequencing [ChiIP-seq]) and of nascent transcripts
(by GRO-seq, global run-on followed by sequencing) in U20S
cells.*>*® A comparison of early replicating IZs associated
with PDS-increased R-loops with those not associated with
R-loops showed that the former, but not the latter, exhibited
high levels of chromatin-bound RNAPII and GRO-seq signals.
Thus, the former are highly transcribed regions whereas the
latter are transcribed at much lower levels (Figure 3D). Then,
we determined transcription elongation role on micronuclei for-
mation by using the transcription elongation inhibitor 5,6-di-
chloro-1-a-d-ribofuranosylbenzimidazole (DRB). We found that
DRB suppressed G4-induced micronuclei in late G1 and early/
mid S, but not in late S (Figure 4A), showing that transcription
elongation contributes to replication stress leading to micronu-
clei formation in a phase-specific manner.

We have recently established that transcription elongation is a
key aspect of TRCs caused by the Topoisomerase | poison,
camptothecin.*® In particular, transcription factor Il S (TFIIS) at-
tenuates camptothecin-induced micronuclei due to its ability to
rescue RNAPII arrest.*° Therefore, we wondered whether TFIIS
can attenuate micronuclei induction by G4 stabilization specif-
ically in certain cell-cycle phases. By expressing a dominant-
negative D290A and E291A TFIIS mutant (TFIISm)*® in
HEK293T cells, we determined the effects of G4 stabilization
on micronucleus levels with the dual-pulse labeling scheme
(Figure 3A). The results show that TFIISm expression increased
micronucleus levels by G4 stabilization in early/mid S, but not
in late S (Figures 4B and S4A). In each graph of Figure 4B, we
split micronuclei into separated groups based on EdU/BrdU
labeling patterns to show that TFIISm mainly affects certain
micronuclei but not others. Thus, TFIIS attenuates G4-induced
micronuclei specifically during early S phase, and not in late S,
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Figure 3. G4-induced R-loops are enriched at early replicating zones causing micronuclei exclusively in early/mid S and late G1 phases
(A) Experimental design for micronuclei detection in PDS-treated EdU-BrdU-labeled Hela cells (top). Representative images of EdU-BrdU staining (bottom).

Scale bar 10 pm

(B) Micronuclei quantitation in HeLa cells, transiently transfected with an RNAseH1-expressing plasmid, at early/mid S, late S, late G1, and early G1/G2M phases
during PDS treatment. Micronuclei quantitation in PDS-treated vs. untreated samples is reported as fold change of MNi/100 cell. Dotted lines: control sample.
Graphs show mean + SEM, n = 3. Average analyzed cells: 250 (early/mid S), 100 (late S), 65 (late G1), and 500 (early G1/G2M). *p < 0.05, **p < 0.01, “***p < 0.001,

=p < 0.0001 (t test).

(C) Enrichment analysis of observed PDS-induced R-loops (R-loops extended by stabilized G4s) at constitutive or oncogene-induced (Induced) early, mid, and

late replicating zones"" vs. expected by randomization on gene regions n = 100.

Barplots report binomial test p values (y axis) of enrichment. —log, (o values) are

referred to as “Enriched” or “Depleted” for enrichment or depletion over expected, respectively. The number of observed overlaps at each category is reported.
(D) Metaplot showing normalized mean levels (Norm. reads) of hybrids (DNA-RNA immunoprecipitation, DRIP),?° nascent transcripts (GRO),"? and phosphor-
ylated-Ser2-RNA polymerase Il (0S2-RNAPII)*° at constitutive early replicating domains*' overlapping an R-loop (left panels) or not (right panels). Gray-shaded
area indicates constitutive regions of 10 kilobases (kb) in a window of +/— 40 kb. See also Figure S3.

supporting that G4 stabilization at highly transcribed, early repli-
cating IZs induces hybrid-dependent TRCs leading to micronu-
clei formation at the following mitosis.

Next, we wondered whether G-loops affect replication forks in
a phase-dependent manner. We then analyzed PDS-induced
replication fork stalling in early and late S phases by DNA fiber
assay in synchronized Hela cells (Figures S4B and S4C). PDS in-
duces an immediate slowdown of DNA synthesis, rescued by
RNaseH1 overexpression and DRB treatment when 95% of
cell population was in early S (Figures 4C, 4D, S4B, and S4C).
In contrast, PDS-induced replication slowdown was only
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partially dependent, if any, on transcription and hybrids when
41% of cells were in late S and only 2% in early S (Figures 4C,
4D, S4B, and S4C). Thus, replication fork stalling in late S is
largely independent of transcription and R-loop formation.

PrimPol is needed at late S phase to trigger micronuclei
by PDS

Re-priming of DNA synthesis can bypass obstacles in the tem-
plate strand at stalled replication forks.>® Since PrimPol is the
main enzyme responsible for re-priming at G4-stalled forks,*”
we investigated its phase-specific effects on PDS-induced
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(A) Micronuclei increase in EQU-BrdU-labeled HelLa cells treated or not with DRB. Micronuclei quantitation in PDS-treated vs. untreated samples is reported as
fold change of MNi/100 cell. Dotted lines: control sample. Graphs show mean + SEM, n = 3. Average analyzed cells: 250 (early/mid S), 70 (late S), 60 (late G1), and

300 (early G1/G2M).

(B) EAU-BrdU micronuclei quantitation in dual-pulse labeled HEK293 cells treated (Doxy+) or not (Doxy—) with doxycycline to overexpress TFIISm. Graphs show
mean + SEM, n = 3. Average analyzed cells: 250 (early/mid S), 70 (late S), and 90 (late G1).

(C) DNA fiber assay experimental scheme.

(D) RNaseH1 overexpression and DRB-mediated transcription inhibition effect on PDS-induced replication fork slowing in HeLa cells (left). Median values of CldU:
IdU ratio of treated vs. control samples (dotted lines) reported as fold change. Bars show means + SEM, n = 2. Average analyzed fibers: 150. Representative

images of IdU-CIdU tracts (right).
*p < 0.05, ™p < 0.01, **p < 0.001 (t test). See also Figure S4.

micronuclei using the dual-pulse labeling scheme (Figure 3A).
We first silenced PrimPol with a specific small interfering RNA
(siRNA) in Hela cells at undetectable levels (Figure S5A, top).
The lack of PrimPol did not reduce PDS-induced micronucleus
levels in late G1 and early/mid S cells, whereas they were dras-
tically reduced in late S cells (Figure 5A). We also investigated
PrimPol role in wild-type (WT) and PrimPol gene knockout (KO)
U20S cells*’ (Figures 5B and S5A, bottom). In KO cells, we did
not observe significant change in the level of PDS-induced mi-
cronuclei in late G1, early/mid S, and early G1/G2M phases
(Figure 5B). However, PrimPol gene KO completely abrogated

PDS-induced micronuclei in late S phase cells. This effect was
rescued by PrimPol expression from a transfected vector
(Figure 5B).

To assess PrimPol specificity for G4 structures, we then deter-
mined its role on camptothecin-induced micronuclei in the
PrimPol KO cell model. The results clearly show that camptothe-
cin did not induce micronuclei in late S also in another cell line
and that camptothecin-induced micronuclei increase is not
reduced by the absence of PrimPol, supporting its specific role
in stabilized G4s at stalled replication forks in late S phase
(Figure S5B).
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Figure 5. PrimPol promotes PDS-induced micronuclei exclusively in late S phase

(A) Micronuclei quantitation in EdU-BrdU-labeled Hel a cells transfected with scrambled (Scramble) or specific PrimPol siRNAs (siPrimPol) 48 h before EAU-BrdU
and PDS treatments. Graphs show mean + SEM, n = 3. Average number of analyzed cells is 200 (early/mid S), 80 (late S), 80 (late G1), and 350 (early G1/G2M).
(B) Micronuclei increase in PrimPol WT (WT), PrimPol KO (KO), and PrimPol complemented (KO + PrimPol-OE) U20S cells in early/mid S, late S, late G1, and early
G1/G2M during PDS treatment. Graphs represent mean + SEM (n = 3 and n = 2 for “WT/KO” and “KO + PrimPol-OE,” respectively). Average analyzed cells:
U20S WT, 370 (early/mid S), 95 (late S), 60 (late G1), 430 (early G1/G2M); U20S KO, 500 (early/mid S), 90 (late S), 110 (late G1), and 420 (early G1/G2M); U20S
complemented, 200 (early/mid S), 50 (late S), 80 (late G1), and 190 (early G1/G2M). PrimPol overexpression affects micronucleus levels in some untreated cells;
however, the effect is not the same among different cell categories.

*p < 0.05, **p < 0.01, (t test). See also Figure S5.

Overall, results obtained in two cell models show that PrimPol  or abolished the micronuclei increase by stabilized G4s in all
activity is required for G4-induced micronuclei in late S only, in  tested phases (Figures 6B and S6B, top). Similar data were ob-
agreement with its higher expression and activity in late S tained in WT U20S cell line (Figures 6C, 6D, S6A, and S6B, bot-

phase.*® tom), therefore showing that Pol n activity has a role in the

response to G4-induced stalled replication forks (Figures 4C
DNA Pol 1 contributes to the mechanism of micronuclei and 4D), eventually leading to micronuclei formation. Next, we
formation in a G-loop-dependent manner in early/mid S wondered whether Pol n effects were dependent on PrimPol.
phase but independently from G-loops in late S phase Hence, we silenced Pol n in PrimPol KO U20S cells

Although both camptothecin and PDS can induce TRCs,””*°the  (Figures 6C, S6A, and S6B, bottom) and determined micronu-
immediate consequence for DNA integrity is markedly different  cleus levels upon PDS treatment. The lack of PrimPol does not
as camptothecin causes high levels of DSBs,® whereas PDS  affect Pol 1 effects in early/mid S, late G1, and early G1/G2M
causes no DNA cleavage (Figures 2A-2D). Since re-priming or  phases (Figures 6D and S6B, bottom), suggesting that Pol n
bypass may restart a stalled fork without inducing strand cuts, only is required in late G1 and early/mid S phases. In addition,
we wondered whether the TLS DNA Pol n is involved in G4-  since either PrimPol or Pol n silencing can abolish micronuclei
induced micronuclei in any cell-cycle phases. formation in late S, both PrimPol and Pol 1 activities are required

Firstly, we silenced Pol 1 in HelLa cells (Figure 6A) and investi- during late S phase. We also assessed the effects of Pol
gated micronuclei formation with the dual-pulse labeling scheme  silencing on mitotic errors in HelLa cells. Consistently, Pol n
(Figure 3A). Pol 1 silencing itself could increase micronuclei for-  silencing reduced anaphase bridges and lagging chromosomes
mation in HelLa cells (Figure S6A, top) while it markedly reduced  (Figure S6C). Mitotic index was increased, while mitotic duration
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Figure 6. Pol 5 activity triggers G4-induced micronuclei in all cell-cycle phases

(A) Pol n immunoblot in HeLa cells not-transfected (Ctrl), transfected with a scrambled (Scr.), or transfected with two Pol -specific siRNAs (#1 and #4) for 24 and
48 h before PDS treatment. Top and bottom, immunoblot and loading control, respectively. Expression levels in silenced (#1 and #4) vs. scrambled samples (Scr.)
are reported as fold change.

(B) Micronuclei quantitation in dual-pulse labeled HelLa cells transfected with scrambled (Scr.) or Pol n-specific sSiRNAs (#1 and #4) 48 h prior to EdU-BrdU and
PDS administration. Micronuclei quantitation in PDS-treated vs. untreated samples reported as fold change of MNi/100 cell. Dotted lines: control sample. Bars
show mean + SEM, n = 3. Average analyzed cells: 185 (early/mid S), 85 (late S), and 65 (late G1).

(C) Pol 7 immunoblot in U20S PrimPol WT (WT) and U20S PrimPol KO (KO) transfected with a scrambled (Scr.) or Pol -specific siRNAs (#4) for 24 h. Top and
bottom, immunoblot and loading control, respectively. Quantification of Pol 5 expression levels as in (A).

(D) Micronuclei increase in PrimPol WT (WT), PrimPol KO (KO), and PrimPol complemented (KO + PrimPol-OE) U20S cells in early/mid S, late S, late G1, and early
G1/G2M during PDS treatment. Cells were treated with a Pol n-specific siRNA (siPol 5 #4) 24 h prior to EAU-BrdU and PDS administration. Micronuclei quan-
titation in PDS-treated vs. control samples is reported as fold change of MNi/100 cells. Dotted lines: control sample. Average analyzed cells: 230 (early/mid S), 45

(late S), and 55 (late G1).

Graphs show mean + SEM, n = 2. *p < 0.05, *p < 0.01, **p < 0.001 (t test). See also Figure S6.

(Figure S6D) and labeled cell distribution (Figure S6E) were not
affected by either Pol n silencing or PDS. Therefore, the reduc-
tion of mitotic errors and micronuclei was not due to a decrease
in mitosis rates or duration. Since Pol 1 can have a role during
early S phase at highly transcribed regions of early-replicating
1Zs,%9°" we then investigated whether Pol n can affect PDS-
induced TRCs at early vs. late S phases by using a proximity liga-
tion assay (PLA) with antibodies specific for either PCNA (prolif-
erating cell nuclear antigen) or RNAPII largest subunit (Figures 7A
and S7A). We labeled S phase cells with EAU and distinguished
early/mid S from late S phase from fluorescent spot patterns.*?
Firstly, stabilized G4s mainly increase TRC foci in early/mid S
phase cells as the fold change was higher in those cells in com-
parison to late S cells (3.4 vs. 1.6, Figures 7A and 7B). In G1/G2M
cells, we could see a low level of PLA signal, likely corresponding
to cells at the G1/S boundary, and stabilized G4s increased this
signal to a similar extent (Figures 7A and 7B). In cells depleted of

Pol n, TRCs were reduced; nevertheless, the G4-dependent in-
crease of TRCs was similar to that of control cells and was al-
ways specific for early/mid S phase cell category (Figures 7A
and 7B). PCNA-PCNA PLA experiments showed that PCNA itself
was reduced in nuclear chromatin of silenced-Pol 1 cells with
respect to control cells (Figure S7B), suggesting that Pol n
silencing-dependent reduction of PDS-induced TRCs is largely
due to a reduction of the PCNA-PCNA signal, hence reduction
of overall DNA synthesis (Figure S7B). Overall, stabilized G4s
mainly induce TRCs in early/mid S phase, and Pol 1 increases
the chance of TRCs likely favoring fork progression.®*

Since R-loops have a role in the mechanism of micronuclei
formation by G4 stabilization at late G1 and early/mid S
phases, we then asked if Pol n can be recruited close to hy-
brids. First, we analyzed early-replicating regions for the extent
of Pol n density using published datasets.® Pol n density
was increased at early-replicating 1Zs enriched for stabilized

Cell Reports 44, 115706, May 27, 2025 9
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(A and B) PLA between PCNA and RNAPII. Experimental design (top) and representative images of EdU-labeled cells and PLA foci (bottom) (A). PLA foci in early/
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(legend continued on next page)
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G4-induced R-loops (see earlier text), whereas it was markedly
lower in early-replicating 1Zs not enriched for R-loops
(Figure 7C). Consistently, PLA data showed that Pol n is very
close to stabilized G4-increased hybrids (Figures 7D, 7E, and
S7C), suggesting an interaction between Pol n and hybrids.
Next, we wondered if Pol n/PCNA interaction can be depen-
dent on hybrids under our conditions, performing PLA experi-
ments of Pol n/PCNA interaction with and without RNaseH1
overexpression. The findings showed that Pol n/PCNA interac-
tion depends strongly on hybrids in early/mid S but not in late S
phases (Figures 7F, 7G, S7D, and S7E). Thus, the results are
consistent with the hypothesis that Pol n can interact with hy-
brids within replication forks stalled by G4-dependent collisions
with transcription at highly transcribed genes in early-repli-
cating 1Zs (Figure 7G).

DISCUSSION

G4 structures can affect replication at different levels. First, G4-
promoting sequence motifs have been identified in conserved
replication origins in mammals suggesting a regulation role in es-
tablishing the site of replication origin.°®>” Second, G4 stabiliza-
tion can cause the formation of G-loops at highly transcribed
genes®*?° leading to increased TRC frequency, stalled forks,
and, eventually, DSBs.?>*" Third, G4s in the strand template®®
can hinder the replication machinery leading to the activity of
specific factors (helicases, PrimPol, or TLS polymerases) to
recover DNA synthesis without strand cleavage.®®°° Here, we
provide evidence that genomic context affects the molecular
events following G4 stabilization likely including the mode of
replication fork stalling and recovery. Genomic regions rich in
highly transcribed genes are replicated early during S phase
and are preferentially located in chromatin compartment A or to-
pologically associating domains of open chromatin.®"%? In
contrast, silenced genes and compact chromatin (compartment
B) are preferentially replicated in late S.°"%° Our results show that
replication fork stalling and recovery mechanisms leading to mi-
cronuclei formation are different in early S vs. late S, likely due to
chromatin organization and genomic functions. Fork stalling is
due to G-loop-mediated TRCs and G4s in the template strand
in early/mid S and late S, respectively (Figure 7H). In addition,
the immediate response at stalled forks does not involve DNA
breakage and includes different re-priming/bypass mecha-
nisms, which can lead to chromosomal instability. Our hypothe-
sis is that different modes of fork restart based on Pol n and/or
PrimPol activities and dependent on the genomic context can
avoid immediate DNA breakage at stalled forks, but at the
expense of a risk of later mitotic chromosomal instability
(Figure 7H). As G4 stabilization by PDS did not markedly retard
cell-cycle progression (Figure 2), TLS-dependent fork restart
can be a quick responsive mechanism at TRCs to maintain a
proper replication speed.

¢? CellPress
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G4 stabilization during different cell-cycle phases does not
cause immediate DSBs, even though they trigger increased
levels of micronuclei and mitotic errors. Nuclear G4s are stabi-
lized by PDS rapidly, and G4 foci return close to control levels
within 1 h,2° showing that these structures are highly dynamic
triggering subsequent molecular events in chromatin. In highly
transcribed euchromatin regions, G4 stabilization triggers the
formation of G-loops®° (Figures 3C, 3D, and S3E), increasing
the frequency of TRCs and stalled replication forks. Pol n is close
to G4-induced hybrids and recruited at higher levels at early-
replicating 1Zs with R-loops (Figures 7C-7E). Since Pol n can
bind to a DNA/RNA hybrid and use the RNA as a primer adding
dNTPs to its 3’ end,®® Pol n may thus restart DNA synthesis
downstream of DNA-RNA hybrids at stalled replication forks as
a transcript annealed to the DNA template may provide a ready
3’ end for the re-priming activity®® (Figure 7H). Such a Pol n ac-
tivity downstream of TRC and hybrids (Figure 7H) agrees with
the reported suppression of replication pausing.”® Moreover,
Gd4s in the template of leading strand replication are more prone
to trigger instability in yeast,®* consistent with Pol n-dependent
re-priming in case of co-directional TRCs (Figure 7H). Therefore,
Pol n can maintain a proper replication rate at the expense of an
increased risk to induce chromosomal instability (Figure 7)
and genetic variations at common fragile sites.>® G4s trigger
G-loop increases and TRC frequencies to a much-reduced
extent, if any, at late-replicating heterochromatin regions
(Figures 3B, 4A, 7A, and 7B). In these regions, G4s can likely
stop an advancing fork when they form in the template
strand.?®%%°% Here, we propose that re-priming downstream of
a G4 obstacle is due to the activity of both PrimPol and Pol
(Figure 7H), eventually leading to chromosomal instability at
mitosis. We cannot exclude, however, the idea that re-priming
activity based on other factors (helicase activity, DNA polymer-
ase 8, or others)® can also occur without DNA breakage and
later chromosomal instability.

G4 stabilization by PDS for a short time does not produce
DNA cleavage, and re-priming/bypass activity can be an effec-
tive, quick response to fork stalling.?® In case of long PDS treat-
ments, DNA synthesis re-priming becomes less effective; there-
fore, other responses likely occur at stalled forks, including
activation of nucleases and a full DNA damage response.?2°%"
Although the immediate DNA cleavage outcome is markedly
different between PDS and camptothecin (Figure 2),*° both com-
pounds induce hybrid-mediated TRCs at early replicating 1Zs
(Figure 7B)."° TFIIS, a factor that promotes transcription elonga-
tion by rescuing arrested RNAPIIs,*®%>%% can reduce G4-
induced micronuclei (Figures 4B and S4A). Thus, an arrested
RNAPII may play a role in G4-induced TRCs and chromosomal
instability. A backtracked RNAPII would make the transcript 3’
end free to anneal back to the template strand,**“® and then it
would be readily available for Pol 1 re-priming downstream of a
co-directional TRC (Figure 7H). However, the role of an arrested

(F and G) Pol 7:PCNA PLA foci in early/mid S and late S HelLa cells, transiently transfected with an RNAseH1-expressing plasmid. Bar plots show Pol :PCNA PLA
foci fold change of treated vs. control cells. Graphs show mean + SEM, n = 3. Average analyzed cells: 223 (early/mid) S and 26 (late S). Statistical significance was

calculated by t test.

(H) Model of cell-cycle-specific mechanism of G4-mediated genome instability. The model can be similar for head-on TRCs with some adjustments. Other fork
bypass mechanisms, in addition to re-priming, may be involved in this process.’® See also Figure S7.
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RNAPII in G4-induced chromosomal instability remains to be es-
tablished in future studies.

Limitations of the study

Under our conditions of cell treatments with PDS for 1 h only, we
have shown mechanisms which can immediately respond to
stalled replication forks by stabilized G4s. However, we cannot
exclude other mechanisms, dependent on DSBs, of G4-induced
micronuclei when stabilized G4s last for longer periods. Addi-
tional mechanisms, such as nuclease-dependent recovery of
replication fork arrest,”” may resolve G4-induced collapsed
replication forks. Moreover, our data cannot distinguish head-
on from co-directional TRCs; therefore, the proposed model
shows a co-directional TRC for clarity only (Figure 7H). Our find-
ings show that Pol n- and/or PrimPol-mediated restart of forks
stalled by G4 results in micronuclei formation. However, since
we have not shown whether TLS polymerases can extend an
RNA of G4-induced G-loops under our conditions, we cannot
exclude that Pol n-dependent fork restart involves other enzyme
activities, such as a bypass event with the use of the other
nascent DNA strand as template. Lastly, since RHPS4 showed
only a slight increase of MNi formation in early/mid S cells as
compared with PDS and CX-5461, our data do not clarify
whether chemical-specific patterns of stabilized G4s in living
cells may differently affect micronuclei induction. Thus, future
studies need to provide further mechanistic aspects of the pro-
posed genome context-dependent mechanisms.
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Antibodies

BrdU Monoclonal Antibody (MoBU-1),
Alexa Fluor™ 488

BrdU, clone B44

Rat Anti-BrdU Monoclonal Antibody,
Unconjugated, Clone BU1/75 (ICR1)
Goat anti-Mouse 1gG (H + L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ 488

Anti-DYKDDDK Antibody, Unconjugated
Anti-PICH, clone 142-26-3

RPA70 antibody [EPR3472]
Anti-phospho-Histone H2A.X (Ser139)
Antibody, clone JBW301

Mouse Anti-Human PCNA (PC11)
Monoclonal, Unconjugated, Clone Pc11
PCNA antibody - Proliferation Marker
Anti-RNAPII largest subunit

antibody (Pol Il, H-224)

Mouse Anti-Human POL H (B-7)
Monoclonal, Unconjugated, Clone B-7
Rabbit Anti-V5 tag Polyclonal Antibody,
Unconjugated

Goat Anti-Mouse IgG (H + L) Highly Cross-
adsorbed Antibody, Alexa Fluor 568
Conjugated

Goat anti-Rat IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ Plus 488

Goat anti-mouse IgG-HRP Polyclonal, Hrp
Conjugated

Goat Anti-Rabbit IgG H&L (HRP)

Phospho-Histone H2A.X (Ser139) (20E3)
Rabbit mAb

Phospho-Chk2 (Thr68) (C13C1) Rabbit mAb

Thermo Fisher Scientific

BD Biosciences
Abcam

Thermo Fisher Scientific
Cell Signaling Technology
Millipore

Abcam
Millipore

Santa Cruz Biotechnology

Abcam
Santa Cruz Biotechnology

Santa Cruz Biotechnology

Abcam

Thermo Fisher Scientific

Thermo Fisher Scientific

Santa Cruz Biotechnology

Abcam
Cell Signaling Technology

Cell Signaling Technology

Cat# B35130; RRID: AB_2536434

Cat# 347580; RRID:AB_10015219
Cat# ab6326; RRID:AB_305426

Cat# A11001; RRID: AB_2534069
Cat# 2368; RRID: AB_2217020
Cat# 04-1540; RRID: AB_11210090

Cat# ab79398; RRID:AB_1603759
Cat# 05-636; RRID:AB_309864

Cat# sc-53407; RRID:AB_630090

Cat# ab18197; RRID:AB_444313
Cat# sc-9001; RRID:AB_2268548

Cat# sc-17770; RRID:AB_2167007

Cat# ab15828; RRID:AB_443253

Cat# A11031; RRID:AB_144696

Cat# A48262; RRID:AB_2896330

Cat# sc-2005; RRID:AB_631736

Cat# ab205718; RRID:AB_2819160
Cat# 9718; RRID:AB_2118009

Cat# 2197; RRID:AB_2080501

Anti-Primpol homemade Gift by A. Vindigni (Division of Oncology, N/A
Department of Medicine, Washington
University in St. Louis, USA) Mourén et al.®”
Bacterial and virus strains
E. coli DH5a N/A
Chemicals, peptides, and recombinant proteins
Bromodeoxyuridine (BrdU) Thermo Fisher Scientific Cat# 23151
Camptothecin (CPT) Merck Cat# C9911
5-Chloro-2’-deoxyuridine (CldU) Merck Cat# C6891
CX-5461 Merck Cat# 505016
Doxycycline Merck Cat# A7802
5,6-dichloro-1-beta-D- Merck Cat# D1916

ribofuranosylbenzimidazole (DRB)
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5-lodo-2'-deoxyuridine (IdU) Merck Cati# 17125
ML216 MedChemExpress Cat# HY-12342
Nocodazole Merck Cat# M1404
Pyridostatin (PDS) Selleckchem Cat# S7444
PFMO1 Merck Cat# SML1735
PFM39 Merck Cat# SML1839
RHPS4 Selleckchem Cat# S8118
RO3306 Selleckchem Cat# S7747
Thymidine Merck Cat# T1895
Critical commercial assays

Click-iT™ EdU Cell Proliferation Kit for Thermo Fisher Scientific Cat# C10339
Imaging, Alexa Fluor™ 594 dye

Click-iT™ EdU Cell Proliferation Kit for Thermo Fisher Scientific Cat# C10340

Imaging, Alexa Fluor™ 647 dye

Duolink In Situ PLA Kit Merck Cat# DU092101
Deposited data

Genomic DRIP-seq De Magis et al.”” GEO: GSE115957
GRO-seq Walz et al.*? GEO: GSE44672
pS2RNAPII ChiP-seq Narain et al.*® GEO: GSE162264
Pol 5 ChlP-seq Tang et al.** GEO: GSE203015
Experimental models: Cell lines

HelLa ATCC N/A

HelLa D210N Duardo et al.*° N/A

Hel.a WKKD Duardo et al.*° N/A

Hek293T-TFIISm

U20S WT

U20S Primpol KO

Gift by J. Q. Svejstrup (CGEN, University of
Copenhagen, Denmark)

Gift by A. Vindigni (Division of Oncology,
Department of Medicine, Washington
University in St. Louis, USA)

Gift by A. Vindigni (Division of Oncology,
Department of Medicine, Washington
University in St. Louis, USA)

Previously characterized and validated in
Zatreanu et al."®

Previously characterized and validated in
Quinet et al.”’

Previously characterized and validated in
Quinet et al.*’

U20S_RH De Magis et al.° N/A
Oligonucleotides
siRNA_BRCA2 Qiagen Cat# sl02653595
siRNA_PrimPol Ambion-Thermo Fisher Cat# s47417
siRNA_Pol 5 #1 Choi et al.®® N/A
SiRNA_Pol 7 #4 Choi et al.®® N/A
Scramble siRNA Ambion-Thermo Fisher Cat# #4390846
Recombinant DNA
pcDNA3-RNaseH1 Gift by F. Chedin (University of California N/A
Davis)
YFP-tagged PrimPol WT expressing vector Gift by J. Sale (MRC Laboratory of N/A
Molecular Biology, Francis Crick Avenue,
Cambridge, CB2 0QH, UK)*?
Software and algorithms
Prism 9 GraphPad Software N/A
ImagelLab BioRad N/A
BioRender https://www.biorender.com/ N/A
ImagedJ (Fiji) GitHub https://imagej.net/software/fiji/
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Open Comet Gyori et al.®® https://cometbio.org/

CytExpert Software

Phasefocus analyze Software
Bwa

Samtools

Picard

Deeptools

Bedtools

R base

ggplot

Beckman Coulter

https://www.phasefocus.com/
Lietal.”

Danecek et al.”’

Broad Institute

Ramirez et al.”®

Quinlan et al.”®
R Core Team

Wickham’*

https://www.beckman.com/flow-
cytometry/research-flow-cytometers/
cytoflex/software

v3.12.2
version 0.7.17
version 0.15
version 2.26.11
version 3.5.1
version 2.30.0
version 4.4.0
version 3.5.1

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human cancer Hela cell line was purchased from ATCC (LGC Standards S.r.l., Milan, Italy). HeLa cells were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, #21969035) supplemented with 10% heat inactivated FBS (Thermo
Fisher Scientific, #A5256701). HelLa cells stably expressing a catalytically inactive RNaseH1 (D210N) or a catalytically and DNA
binding inactive RNaseH1 (WKKD) were previously generated in our laboratory.’® These cell lines were cultured in DMEM supple-
mented with 10% heat inactivated FBS, 100 pg/mL penicillin-streptomycin (Thermo Fisher Scientific, #15140122) and 300 pg/mL
Hygromycin B (Thermo Fisher Scientific, #10687010). HEK293-TFIISm cell line, which stably express a doxycycline-inducible full-
length mutant of TFIIS (TCEA1),"® was kindly supplied by Jesper Q. Svejstrup (CGEN, University of Copenhagen, Denmark).
HEK293-TFIISm cells were cultured in DMEM supplemented with 10% FBS tetracycline-free (Takara, #631106), 100 pg/mL peni-
cillin-streptomycin, 250 pug/mL zeocin (Thermo Fisher Scientific, #R25001) and 5 pg/mL blasticidin (Thermo Fisher Scientific,
#R210-01). All the cell lines mentioned were cultured in humidified incubator at 5% of CO, and 37°C. To induce TFIISm overex-
pression, 80 ng/mL (0.18 pM) doxycycline were added for 48h to the same medium without antibiotics. PrimPol wild-type (WT) and
PrimPol gene knockout (KO) U20S cell lines*” were kindly supplied by Vindigni A. (Division of Oncology, Department of Medicine,
Washington University in St. Louis, USA) and were cultured in DMEM supplemented with 10% FBS and 100 pg/mL penicillin-
streptomycin. U20S-RH cells have been previously generated by transfecting U20S cell line with pLVX-Tight-Puro-RH-Flag
and pLVX-EF1a-Tet3G-Hygro plasmids to overexpress an exogenous RNase H1.° This cell line was maintained by adding
10% FBS tetracycline-free, 100 pg/mL penicillin-streptomycin, 1.5 pg/mL puromycin (Merck, #P8833) and 500 pg/mL hygromycin
B to DMEM medium. RNaseH1 overexpression was induced, 24 h after seeding, by adding 2 pg/mL (4.5 pM) doxycycline for 48 h
to the same medium without hygromycin and puromycin. Cell lines were routinely tested for mycoplasma contamination (Merck)
and identity by STR (BMR genomics).

METHOD DETAILS

Cell transfections

To overexpress RNaseH1 in HeLa and U20S cells, after 24 h from seeding, cells were transiently transfected with 2 pg of pcDNAS-
RNaseH1 (gently furnished by F. Chedin) by using Lipofectamine 2000 (ThermoFisher Scientific, #11668027) with a ratio plasmid (ng):
Lipofectamine 2000 (uL) of 1:2. To rescue PrimPol expression in U20S PrimPol KO cells, after 24 h from seeding, cells were tran-
siently transfected with 2 pg of YFP-tagged PrimPol WT expressing vector®” (gently furnished by J. Sale) by using the same exper-
imental conditions described above. Plasmid transfections were carried out on cell cultures 24 h before drug treatments. pcDNA3-
RNaseH1 and YFP-tagged PrimPol WT plasmids were purified by using miniprep kit (Macherey Nagel, #740588.50) from Escherichia
coli DH5a cells grown in LB medium with 100 pg/pL ampicillin or 25 pg/mL blasticidin respectively. HeLa and U20S cells were trans-
fected with pre-designed 20 nM scramble siRNA (ID #4390846, Ambion-Thermo Fisher), 20 nM siRNA against BRCA2 (ID
#s102653595, Qiagen)® and 20 nM PrimPol (ID# s47417 Ambion-Thermo Fisher), or with 60 nM custom siRNAs against Pol ;%
(siRNA#1 correspond to site 1 and siRNA#4 to site 4) by using RNAimax (Invitrogen, #13778075) according to datasheet instructions.

Immunofluorescence microscopy

For all imaging experiments, cells were seeded at low density on glass coverslips in six-well plates and allowed to attach. Drug treat-
ments, plasmid and/or siRNAs transfections were performed directly on the cells on the coverslips.
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Micronuclei assay

Micronuclei detection was carried out following the protocol already published in.*® In brief, cells were treated with 10 pM PDS
(Selleckchem, #S7444), 8 yM RHPS4 (Selleckchem, #S8118), 8 pM CX5461 (Merck Millipore, #505016) or 10 pM CPT
(Merck, #C9911) for 1 h. To verify transcription dependence, cells were treated with 50 pM or 100 pM 5,6-dichloro-1-beta-
D-ribofuranosylbenzimidazole (DRB) (Merck, #D1916) for 90 min before, during, and 1 h after PDS treatment (total 3 h). To
distinguish cells in S phase, cells were treated with 10 pM EdU for 30 min before, during, and 1 h after the treatment making
a total incubation period of 2.5 h. For a more precise subclassification of cells in the different phases of the cell cycle, 10 pM
BrdU was administrated immediately after EQU for an additional 2.5 h. After EQU/BrdU removal, cells were rinsed with 1X PBS
(137 mM NaCl, 10 mM Na,HPO,4*7H,0, 1.8 mM KH,PO,) and left in drug-free medium until the next mitosis (~24 h from drug
removal). Then, cells were fixed with 4% formaldehyde, permeabilized with 1X PBS-0.5% Triton X-100 (Merck, #T8787) and
subsequently labeled for EdU alone or for both EAU and BrdU staining. EAU staining was performed by using Click-iT EAU
Assay (Thermo Fisher Scientific, #C10339) according to manufacturing instructions, while BrdU and DAPI staining were carried
out as described in.”° Briefly, a denaturation step before EdU staining was performed by incubating cells with 4 N of HCI at 25°C
for 8 min. After two washes with 1X PBS, cells were incubated for 5 min in phosphate/citric acid (pH 7.4) (0.2 M Na,HPO, and
0.1 M citric acid) followed by four additional washes: two with 1X PBS and two with 1X PBS containing 3% bovine serum al-
bumine (BSA, Merck, #A4503). Cells were then labeled with EAU for 30 min. After two washes with 1X PBS-3% BSA cells were
blocked with 1X PBS-3% BSA for 1 h at room temperature (RT) and incubated overnight (O/N) at 4°C with an anti-BrdU antibody
(Thermo Fisher Scientific, #8B35130) diluted 1:200 in blocking buffer with 0.1% Triton X-100. Cells were then incubated for 1 h at
RT with an anti-mouse Alexa Fluor 488 secondary antibody (Thermo Fisher Scientific, #A11001) diluted 1:500 in 1X PBS-3%
BSA. Following incubation, slides were washed with 1X PBS-3% BSA and then stained with DAPI (3.3 ng/pL in water) for
30 min. A final water wash was performed before mounting the slides with Mowiol and placing then upside down on microscope
slides. During micronuclei analysis in U20S-RH cells, RNaseH1 overexpression was assessed via immunofluorescence using
the anti-DYKDDDK antibody (Cell Signaling Technology, #2368) targeting the FLAG Tag fused to the enzyme. The antibody
was diluted 1:800 in 1X PBS-2% BSA. Further details regarding FLAG Tag staining are provided in.*°

Mitotic errors detection

To investigate the dependence of fine bridges on R-loops, Hela cells were seeded at a density of 2.5x10° cells per T75 flask and
transiently transfected with an RNAseH1 expressing plasmid for 24 h prior to EAU/BrdU and PDS treatments. To assess the depen-
dence of fine bridges and lagging chromosomes on Pol 5, HelLa cells were seeded at a density of 2.5x10° cells per T75 flask and
transfected with a scramble siRNA or a Pol , specific sSiRNA (siRNA#4) for 24 h before PDS treatment. For all other experiments,
HelLa and U20S cells were seeded at a density of 10° cells per T25 flask. After 24 h, cells were treated with 10 uM PDS for 1 h.
To distinguish cells that were in S phase during drug treatments, cells were incubated with 10 pM EdU as detailed in micronuclei sec-
tion. For a more precise subclassification of cells in the different phases of the cell cycle, 10 pM BrdU was administrated immediately
after EAU for an additional 2.5 h. For anaphase bridges and lagging chromosomes detection, after EQU/BrdU administration cells
were incubated with 0.16 pM (50 ng/mL) nocodazole for 20 h. At the end of nocodazole treatment, G2/M cells were collected by
mitotic shake-off and released in fresh medium in 35 mm dishes containing a 24*24 mm poly-L-lysine coated cover glass for an addi-
tional 50 min. For nucleoplasmic bridges and micronuclei detection, upon EdU administration, cells were incubated for 16 h with 9 uM
CDK1-i (RO3306). After RO3306 administration, G2 cells were released into fresh medium in presence or not of 25 uM BLM-i (ML216)
for 30 min, allowing mitotic cells to progress to the M phase. Then, cells were collected by mitotic shake-off and released into fresh
medium with or without 25 pM ML216 for an additional 50 min or 150 min depending on the detection of anaphase bridges or micro-
nuclei, respectively. After collection, mitotic cells were fixed for 15 min with PTEMF buffer (20 mM PIPES pH 6.8, 1 mM MgCl,, 10 mM
EGTA, 0.4% Triton X-100 and 8% paraformaldehyde) at RT, rinsed with 1X PBS and then incubated O/N at 4°C in a blocking solution
of 3% BSAin 1X PBS-0.5% Triton X-100.”° EdU, BrdU and DAPI staining were carried out as described in micronuclei section, except
for the denaturation step. Before EdU staining, anaphase cells were incubated with 4 N of HCI at 25°C for 20 min. Primary antibody
incubation was carried out O/N at 4°C by using an anti-PICH (Millipore, #04-1540) diluted 1:100 or an anti-RPA70 antibody (Abcam,
#ab79398) diluted 1:750 in blocking buffer. The secondary antibody incubation was performed for 1 h using an anti-mouse Alexa
Fluor 488 (Thermo Fisher Scientific, #A11001) diluted 1:1000 in blocking buffer. After each primary or secondary antibody incubation,
the slides were washed with a 1X PBS-3% BSA solution. DAPI staining was performed as previously described*” and as detailed in
micronuclei section.

yYH2AX detection

Immunofluorescence assay for yH2AX detection was conducted following the protocol described in.*° Briefly, after treatment with
PDS and EdU (see micronuclei assay section), fixed HelLa cells were first stained for EdU and subsequently for Ser139-phosphori-
lated H2AX using the anti-yH2AX antibody (Millipore, #05-636) diluted 1:1000 in 1X PBS-1% BSA. Following primary antibody incu-
bation, cells were incubated with an anti-mouse Alexa Fluor 488 secondary antibody (Thermo Fisher Scientific, #A11001) diluted
1:1000 in 1X PBS-1% BSA.
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Proximity ligation assay (PLA)

Proximity ligation assay (PLA) was carried out by using the Duolink /n Situ PLA Kit (Merck, #DU092101-1KT) according to datasheet
instructions. The procedure has already been described in.*° In brief, 2.5 x 10° Hel a cells were seeded in 35 mm dishes containing
1818 mm glass slides. For PLA assay between PCNA and RNAPI|, after 24 h from seeding, cells were treated with 10 uM PDS and
with 10 pM EdU for 1 h. PLA foci were determined at the end of EAU labeling. Early/mid S from late S phase cells were distinguished by
means of fluorescent spot patterns °°. At the end of PDS and EdU treatments, cells were fixed with formaldehyde 4% and permea-
bilized with 1X PBS-0.1% Triton X-100. Cells were incubated O/N at 4°C with anti-Proliferating Cell Nuclear Antigen antibody (anti-
PCNA, Ab PC11, sc-53407) diluted 1:100 and Anti-RNAPII largest subunit antibody (Ab H-224, sc-9001) diluted 1:200. For PLA assay
between RNaseH1 and Polymerase 5, (Pol ), HeLa D210N, HeLa WKKD or HelLa (mock) cell lines were treated with 10 uM PDS for
5 min or 10 min. Next, cells were fixed with a solution of 4% formaldehyde methanol-free and CSK buffer (100 nM NaCl; 300 mM
Sucrose; 3 mM MgCl,; 10 mM PIPES pH 6.8; 1 mM EGTA; 0.2% Triton; 1X protease inhibitor cocktail, Thermo Fisher Scientific,
#78428). Cells were incubated O/N at 4°C with anti-Polymerase  antibody (Pol H, B-7, sc-17770) diluted 1:150 and Anti-Tag-V5 anti-
body (Abcam, ab15828) diluted 1:2000. For PLA assay between PCNA and PCNA, treatments were performed as described for
PCNA:RNAPII PLA. Cells were then fixed with 4% formaldehyde in CSK buffer and permeabilized with 1X PBS-0.5% Triton
X-100. O/N incubation at 4°C was carried out with anti-Proliferating Cell Nuclear Antigen antibody (anti-PCNA, Ab PC11, sc-
53407) diluted 1:100 and anti-Proliferating Cell Nuclear Antigen antibody (anti-PCNA, Ab18197) diluted 1:800. Early/mid S phase cells
were distinguished from late S phase cells based on fluorescent spot patterns.> For PLA assay between Pol 7 and PCNA, cells were
transfected with an RNaseH1 expressing plasmid for 24 h after seeding, followed by treatment with 10 uM PDS for 10 min or 1 h, and
10 puM EdU for 1 h. Cells were then fixed as described above for PCNA:PCNA PLA and incubated O/N at 4°C with anti-Polymerase 5
antibody (Pol H, B-7, sc-17770) diluted 1:150 and anti-Proliferating Cell Nuclear Antigen antibody (anti-PCNA, Ab18197) diluted
1:800. Early/mid S from late S phase cells were again distinguished using fluorescent spot patterns.? Cells were observed with Nikon
A1R Confocal Microscope (Eclipse Ti2). PLA positive cells were analyzed by using Imaged software (analysis protocol for foci count
available at https://microscopy.duke.edu/guides/count-nuclear-foci-ImageJ).

Double thymidine block and DNA fiber assay

Synchronization in S phase has been performed by using the double thymidine block protocol. Specifically, cells were treated with
2 mM thymidine (Merck Millipore, T-1895) for 18 h. After incubation, cells were washed twice with 1X PBS and released into fresh
medium for 9 h (first pulse release). A second thymidine pulse was administered for an additional 18 h. At this point, cells were
released from the second thymidine pulse (second pulse release) and collected at 0, 3, 4, 6, 7, 8, and 9 h for cell cycle analysis
via DNA staining with EdU. To track DNA synthesis, 10 pM EdU was added at each time point for 30 min. Cells were then fixed
and stained for EAU according to the manufacturer’s instructions. Early, mid and late S phase cells were distinguished based on fluo-
rescent spot patterns.® Cells collected at 3 h (T3) and 9 h (T9) were selected to analyze early and late S phase cells, respectively,
using the DNA fiber assay. The DNA fiber assay was performed according to the protocol described in,”® with minor modifications.
Briefly, 10° HelLa cells we seeded and synchronized in S phase as described above. Half an hour before T3 and T9 time points, IdU
thymidine analog was added at a final concentration of 25 pM for 30 min. At the end (T3 and T9 time points), cells were washed with 1X
PBS and incubated for an additional 30 min with 10 pM PDS and 250 pM CldU thymidine analog. To evaluate the effect of RNase H1
overexpression and transcription inhibition on PDS-induced replication fork slowing, cells were transfected with pcDNA3-RNaseH1
plasmid 24 h before the second pulse release. Alternatively, cells were treated with 100 pM DRB for 2 h before and during IdU, CldU
and PDS treatment, for a total of 3 h. For the immunofluorescence staining, cells were fixed in methanol:acetic acid (3:1) and then the
slides were immersed in 2.5M HCI solution for 1 h. To detect IdU and CldU, primary antibodies anti-BrdU B44 clone (Beckton Dick-
inson, #347580) diluted 1:25 and anti-BrdU Bu1/75 clone (Abcam, #ab6326) diluted 1:400 were used. Goat anti-mouse 568 (Thermo
Fisher Scientific, #A11031) and goat anti-rat 488 (Thermo Fisher Scientific, #A48262), both diluted 1:500, were used as secondary
antibodies. After immunostaining of DNA fibers, image acquisition was performed using a Nikon A1R Confocal Microscope (Eclipse
Ti2) at 40X magnification. DNA fibers were analyzed using Imaged software. Fiber tracts lengths was measured and the ratio of CldU:
IdU length was calculated. The obtained values for treated samples were reported as median values normalized on control samples.

Comet assay

Neutral Comet Assay has been performed with standard procedure as previously detailed in “°. Briefly, HeLa cells were detached
from cell plate and a cell suspension of 4 x 10° cells/ml was treated with 10 pM PDS or 10 pM CPT for 1 h. Treated cells were
then combined with molten CometAssay LMAgarose (Bio-techne, #4250-050-02) and immediately pipetted into 20 well Comet
slides. Next, slides were submerged in Lysis Solution (Bio-techne, #4250-010-01) for 1 h at 4°C and subsequently immersed in
Neutral Electrophoresis Buffer (100 mM Tris pH 9, 300 mM Sodium Acetate) for 30 min at RT. Following incubation, comet slides
were placed in an electrophoresis slide tray and subjected to 45 min electrophoresis at 21V using the Comet Assay Electrophoresis
System Il (Bio-techne, #4250-050-ES) at 4°C. After electrophoresis, slides were immersed in DNA precipitation Solution (1 M Ammo-
nium Acetate in 95% ethanol solution) for 30 min at RT, followed by 70% ethanol for an additional 30 min, and finally dried at 37°C for
15 min. Dried agarose circles were stained using SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific, #S11494) for 30 min at
RT and washed with water. Slides were visualized using Nikon Eclipse 90i Microscope and tail moment quantification analysis was
performed using Imaged-Open Comet software.
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Image analysis and representation

Fluorescent images were acquired using a Nikon Eclipse 90i fluorescence microscope and analyzed with Imaged software, unless
otherwise specified. Cells were categorized as either in S phase or no-S phase based on their positivity to EJU staining. In cases EdU
and BrdU dual pulse labeling, cells were classified into four categories: early/mid S if they incorporated both thymidine analogs; late S
if only EAU was incorporated; late G1 if only BrdU was incorporated; and early G1/G2M if neither EAU nor BrdU analogs were incor-
porated (indicating cells not replicating during the pulses). For analysis of micronuclei (MNi) or anaphase bridges, these structures
were counted in each captured image. Like cells, micronuclei and bridges were classified as EdU +/— and/or BrdU*'~ based on their
staining patterns with EdU and BrdU. micronuclei or anaphase bridges data were reported as the number per 100 cells for each cell
category, normalized or not with respect to the untreated control. For yH2AX analysis, the mean fluorescence intensity was measured
for each cell with background subtraction. Additionally, the increase in YH2AX signal was evaluated in relation to the positivity or
negativity of EAU staining. Data were plotted using GraphPad Prism version 9.0.0, and statistical analysis was conducted using
the same software.

Cytofluorimetry

For FACS analysis Hela cells were seeded at a density of 10° cells/well in 35 mm dishes. After 24h, cells were treated with 10 uM PDS
or 10 pM CPT for 1 h and EdU labeling was performed as described in micronuclei section. Following the EAU administration, 9 pM
CDK1-i (RO3306) was added to culture medium for 16 h to synchronize cells in G2 phase. Cells were collected at three time points:
immediately after EQU treatment (t0), 6 h post EAU treatment (t6) and 16 h post EAU treatment (t16). Cells were then washed once with
1X PBS and fixed in 3.7% formaldehyde in 1X PBS for 15 min. After another wash with 1X PBS, cells were permeabilized by adding
1 mL of 0.2% Triton X-100 in 1X PBS for 10 min, followed by a 5-min wash in 1X PBS containing 3% BSA. Next, cells were centrifuged
at 400 x g for 5 min at 4°C, and EdU detection was carried out by adding 100 pL of Click-iT Reaction cocktail, prepared according to
datasheet instructions. After a 30-min incubation at RT, cells were washed with 1X PBS-3% BSA for 5 min, followed by a wash with
1X PBS. Finally, nuclear staining was performed using a 1 pg/mL DAPI solution at 4°C for 30 min. The FACS assay was conducted
using the CytoFLEX S Flow Cytometer (Beckman Coulter), and data analysis was performed with CytExpert software.

Livecyte assay

Livecyte experiment was conducted to analyze cells undergoing mitosis after treatment with 1h PDS and Mre11 inhibitors (PFMO01,
PFM39) (see Figures 1 and S1) as well as after 1h PDS treatment in Pol 5 silenced Hela cells (see Figures 6 and S6). For livecyte
analysis in Mre11-inhibited cells, HeLa cells were seeded at a density of 5 x 10* cells/well in a 24-well culture plate. After 24 h, cells
were treated with 10 pM PDS for 1 h and 50 pM PFMO01 or PFM39 for 30 min before, during, and after 1h PDS treatment (total duration:
25.5 h) (see experimental scheme in Figure 1F). Following PDS treatment, cells were placed in the livecyte system (Phasefocus) for
24-h analysis. For livecyte analysis in Pol z-silenced cells, Hela cells were seeded at a density of 8 x 10° cells/well in 60 mm dishes.
24 h after seeding, cells were treated with a scramble siRNA or two specific Pol 5 sSiRNAs (siRNA#1 and siRNA#4) for 24 h, then re-
seeded at a density of 8 x 10* cells/well in a 24-well culture plate and silenced again for an additional 24 h. After 48 h of silencing, cells
were treated with 10 uM PDS for 1 h and then placed in the livecyte system for 24-h analysis. All mitosis analyses were performed
using Phasefocus analyze software (Analyze v3.12.2).

Protein extraction and western blotting

For PrimPol and Pol ; immunoblots, whole cell protein extracts were prepared by lysing the cells in Laemmli Buffer (4% SDS, 20%
glycerol, 0.125M Tris, 1X protease inhibitor cocktail). The lysates were sonicated for 20 min using Bioruptor Sonicator (Diagenode)
and protein concentration was determined using the Lowry method. Subsequently, samples were incubated at 100°C for 5 min
before loaded onto Bolt 4-12% Bis-Tris Plus (Thermo Fisher, #NW04120BOX). Proteins were then transferred onto nitrocellulose
membrane (Thermo Fisher #88018) at 70V for 120 min and the transfer efficiency was evaluated by using No-Stain Protein Labeling
Reagent (Invitrogen #A44449) according to manufacturer’s protocols. For blocking, membranes were incubated for 1h at RT with 5%
milk in TBS (20 mM Tris, 150 mM NaCl)-Tween 0.1% for PrimPol immunoblot and with 5% milk in TBS-Tween 0.5% for Polymerase
immunoblot. Next, membranes were incubated overnight at 4°C with primary antibodies: anti-PrimPol (kindly provided by A. Vin-
digni)®” at 1:1000 and anti-Polymerase 5 (Pol H, B-7, sc-17770) at 1:250, both diluted in the respective blocking buffer. After three
washes in TBS-Tween (0.1% or 0.5% Tween 20 as appropriate), membranes were incubated for 1h at RT with secondary antibodies:
anti-Mouse (Santa Cruz Biotechnology, #sc2005) or Anti-rabbit (Abcam ref #ab205718) both at 1:1000 dilution. Following three addi-
tional washes in TBS-Tween (0.1% or 0.5% Tween 20 as appropriate) signals were detected using ECL (Thermo Fisher #32132) on a
ChemiDoc imaging system (Biorad).

For anti-yH2AX and anti-pCHK2 immunoblots, nuclear cell extracts were obtained by resuspending the cells in Cell Lysis Buffer
(5mM Pipes pH 8, 85mM KClI, 0.5% NP40, 1mM PMSF, 1X protease inhibitor cocktail). The cells were then centrifuged at 1700 x
g for 10 min at 4°C, washed with Cell Lysis Buffer and centrifuged again. Pelleted nuclei were resuspended in RIPA buffer (50mM
TrisHCI pH 7.5, 150mM NaCl, 0.5% Na Deoxycolate, 1% NP40, 0.1% SDS, 1X protease inhibitor cocktail) and incubated on ice
for 10 min. Nuclei were sonicated for 5 min with Bioruptor Sonicator (Diagenode) and pelleted by centrifugation for 20 min. The su-
pernatant was quantified using the Lowry method. Samples were incubated at 70°C for 10 min and Western Blot was performed as
described above by using the following primary antibodies: anti-pH2AX (Phospho-Histone H2A.X, Ser139, 20E3; Cell Signaling
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Technology #9718) diluted 1:700 in TBS-Tween 0.1%-milk 5% and anti-pCHK2 (Phospho-Chk2, Thr68, C13C1; Cell Signaling Tech-
nology #2197) diluted 1:500 in TBS-Tween 0.1%-BSA 5%. Immunoblot of BRCA2 and Top1 was performed as previously detailed
in®® and,’® respectively. Protein band densities were quantified using Imagelab software version 4.1 with normalization to total pro-
tein (No-stain protein) or housekeeping proteins.

Bioinformatic analysis

DRIP-seq data were analyzed as previously reported here’® GRO-seq files were mapped on hg19 human genome using bwa aligner
(v. 0.7.17)"° and filtered for alignment quality and duplicates using samtools (v. 1.15)"° sort, view and Picard (v. 2.26.11) MarkDupli-
cates functions, respectively. Alignment files of DRIP-seq and GRO-seq were converted to bigwig files using deeptools (v. 3.5.1)"2
bamCoverage function using “RPGC” as normalization factor. Chip-seq data for pS2RNAPII and Pol n were downloaded from GEO
as processed and normalized bigwig files. All means of biological replicates were computed using bigwigCompare deeptools func-
tion with “~operation mean” flag. All metaplots were produced using computeMatrix and plotProfile deeptools functions. Replicating
zones were obtained from*' supplementary materials and converted to BED files. Enrichment of DRIP bed regions over replicating
zones were performed using bedtools (v. 2.30.0)"° randomizing DRIP peaks over genic regions (GENCODE v19), as reported in.*°
Statistical analysis and plots were made using R base (v. 4.4.0) and ggplot2 (v. 3.5.1) library.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

Statistical analyses were performed in GraphPad Prism or R using tests described in each figure legend. p values were provided as:
*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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